






























































































































































































































































































taste	 fields	 of	 the	 oral	 cavity	 and	 their	 innervating	 taste	 nerves,	 which	 carry	 taste	
information	 to	 the	 nucleus	 of	 the	 solitary	 tract	 (NTS).	 The	 chorda	 tympani	 nerve	 (red)	
innervates	the	fungiform	papillae	and	anterior-most	foliate	papilla.	The	greater	superficial	
petrosal	 nerve	 (green)	 innervates	 the	 taste	 buds	 of	 the	 nasoincisor	 duct,	

























































































































































































































































GABA	 released	 by	 Type	 III	 cells	 may	 also	 signal	 to	 Type	 II	 cells	 via	 GABAA	 and	 GABAB	



































































































































Host	 Dilution	 Manufacturer	 Cat	no.	 RRID	 Lot	
GFP	 Chicken	 1:2000	 Aves	 GFP-1020	 AB_1000024
0	
0511FP12	





SNAP25	 Goat	 1:1000	 GeneTex	 GTX89577	 AB_1072412
5	
821604337	
P2X3	 Rabbit	 1:200	 Alomone	 APR-016	 AB_2040056	 APR016AN0
802	
5-HT	 Rabbit	 1:2500	 Immunostar	 20080	 AB_572263	 1431001	









Host	 Dilution	 Manufacturer	 Cat	no.	 RRID	 Wavelength	





Rabbit	 Donkey	 1:400	 Molecular	Probes	 A10042	 AB_11180183	 568	





















































Figure	 2.1	 Transgenic	 PKD2L1-YFP	 mice	 display	 immunofluorescence	 in	 PKD2L1	
immunoreactive	cells.	Confocal	z-stack	images	of	(A)	fungiform	and	(B)	circumvallate	taste	
buds	 from	 a	 PKD2L1-YFP	 transgenic	mouse	 showing	 PKD2L1-YFP	 fluorescence	 in	 green	
































higher	 in	 posterior	 than	 in	 anterior	 taste	 fields.	 (Left)	 Confocal	 z-stack	 images	 of	 (A)	
fungiform,	 (B)	 soft	 palate,	 (C)	 circumvallate,	 and	 (D)	 foliate	 taste	 buds	 in	 transgenic	
PKD2L1-YFP	mice	 injected	with	 5-HTP,	 the	 5-HT	precursor.	 PKD2L1-YFP	 fluorescence	 is	
shown	 in	 green,	 and	 5-HT	 immunoreactivity	 is	 shown	 in	magenta.	 All	 scale	 bars	 20µm.	
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is	greater	 in	posterior	 taste	 fields	 than	 in	anterior	 taste	 fields.	Confocal	z-stack	 images	of	
(A)	 fungiform,	 (B)	 soft	 palate,	 (C)	 circumvallate,	 and	 (D)	 foliate	 taste	 buds	 in	 transgenic	
PKD2L1-YFP	mice.	PKD2L1-YFP	fluorescence	is	shown	in	green,	SNAP25	immunoreactivity	
is	 shown	 in	 red,	 and	P2X3	 immunoreactivity	 is	 shown	 in	blue	 to	exclude	SNAP25+	nerve	
fibers	from	the	cell	count.	All	scale	bars	20µm.	(E)	Venn	diagrams	show	high	coincidence	of	
fluorescent	PKD2L1	and	SNAP25	marker	in	posterior	taste	fields	and	a	lower	coincidence	





Figure	 2.4	 Transgenic	 GAD67-GFP	 mice	 display	 immunofluorescence	 consistent	 with	 a	
Type	 III	 cell	 population.	 Confocal	 z-stack	 images	 of	 (A)	 fungiform	 and	 (B)	 circumvallate	
taste	buds	from	a	GAD67-GFP	transgenic	mouse	showing	GAD67-GFP	fluorescence	in	green	
and	PLCβ2	immunoreactivity	in	magenta.	All	scale	bars	20µm.	GAD67-GFP+	taste	cells	do	


























































differs	 between	 posterior	 and	 anterior	 taste	 fields.	 (Left)	 Confocal	 z-stack	 images	 of	 (A)	
fungiform,	 (B)	 soft	 palate,	 (C)	 circumvallate,	 and	 (D)	 foliate	 taste	 buds	 in	 transgenic	
GAD67-GFP	 mice.	 For	 consistency,	 PKD2L1	 immunoreactivity	 is	 shown	 in	 green,	 with	
asterisks	marking	PKD2L1-immunoreactive-only	cells.	GAD67-GFP	fluorescence	is	shownin	
magenta,	with	asterisks	marking	GAD67-GFP-only	cells.	All	scale	bars	20µm.	(Right)	Venn	
diagrams	 show	 differing	 coincidence	 of	 GAD67-GFP	 and	 PKD2L1	 immunoreactivity	
between	 posterior	 and	 anterior	 taste	 fields.	 The	 distribution	 of	 anterior	 taste	 fields	 is	
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Overlap	 shown	 in	 orange.	 Cre	 reporter	 efficiency	 as	 determined	 by	 the	 tomato	 reporter	
fluorescence,	 is	 ~79%	 in	 the	 circumvallate	 taste	 tissue.	 (C)	 Confocal	 z-stack	 image	 of	
circumvallate	taste	buds	from	a	Pkd2l1-Cre,	Rosa26tdT	mouse.	Tomato	reporter	expression	
is	displayed	 in	magenta.	PKD2L1	 immunoreactivity	 is	displayed	 in	green.	 (D)	Confocal	 z-
stack	image	of	circumvallate	taste	buds	from	a	triple-transgenic	Pkd2l1-Cre,	RosatdT,	Trpm5-



























































































































































Host	 Dilution	 Manufacturer	 Cat	no.	 RRID	 Lot	
GFP	 Chicken	 1:2000	 Aves	 GFP-1020	 AB_10000240	 0511FP12	




SNAP25	 Goat	 1:1000	 GeneTex	 GTX89577	 AB_10724125	 821604337	
P2X3	 Rabbit	 1:200	 Alomone	 APR-016	 AB_2040056	 APR016AN0
802	
5-HT	 Rabbit	 1:2500	 Immunostar	 20080	 AB_572263	 1431001	






Host	 Dilution	 Manufacturer	 Cat	no.	 RRID	 Wavelength	
Chicken	 Donkey	 1:400	 Jackson	
Immunoresearch	
703-545-155	 AB_2340375	 488	
Rabbit	 Donkey	 1:400	 Molecular	Probes	 A10042	 AB_11180183	 568	














































































(A)	 Genetic	 construction	 of	 the	 Pkd2l1-Cre,	 ChR2-YFP	 mouse.	 (B)	 Venn	 diagrams	
illustrating	 the	 coincidence	 of	 PKD2L1	 immunoreactivity	 (IR)	 (magenta)	 and	 ChR2-YFP	
fluorescence	(green)	in	circumvallate	(left)	and	fungiform	(right)	taste	tissues.	Cell	counts	
are	as	follows:	for	circumvallate,	PKD2L1-IR	only	=	175	cells,	ChR2-YFP	only	=	4	cells,	both	
=	202	 cells;	 for	 fungiform,	PKD2L1-IR	only	=	14	 cells,	 ChR2-YFP	only	=	1	 cell,	 both	=	14	
cells.	(C)	Confocal	z-stack	images	showing	ChR2-YFP	fluorescence	in	green	and	PKD2L1-IR	
in	 magenta	 in	 both	 the	 circumvallate	 (top)	 and	 fungiform	 (bottom)	 taste	 tissues.	 (D)	
Confocal	 z-stack	 images	 showing	 the	 separation	 of	 ChR2-YFP	 fluorescence	 in	 green	 and	










green,	 and	 taste	 ganglion	 cell	 marker	 P2X3-IR	 in	 magenta.	 Though	 green	 fluorescence	




































tastant-like	 nerve	 response.	 (A)	 Chorda	 tympani	 (CT)	 and	 glossopharyngeal	 (GN)	 nerve	
responses	to	acidic	stimuli	and	a	470nm	light	pulse	stimulus	in	Pkd2l1-Cre,	ChR2	mice.	(B)	
CT	 nerve	 responses	 to	 citric	 acid	 and	 blue	 light	 in	 a	 Cre-negative	 control	mouse.	 (C)	 CT	
nerve	responses	to	blue	light	in	a	Pkd2l1-Cre,	ChR2	mouse	before	and	after	application	of	
purinergic	 receptor	 blocker	 AF353	 to	 the	 tongue.	 (D)	 CT	 nerve	 responses	 to	 a	 control	
tastant	 stimulus	 (NH4Cl)	 and	blue	 light	pulses	 at	 increasing	 frequencies	 (power	 at	7mW,	
duty	 cycle	 at	 50%).	 (E)	 CT	 nerve	 responses	 to	NH4Cl	 and	 blue	 light	 pulses	 at	 increasing	






duty	 cycle	 (blue).	 All	 presentations	 normalized	 to	 the	 first	 presentation	 of	 the	 stimulus.	
Right	graph	shows	all	data	(n=6)	comparing	consistency	of	blue	 light	responses	(blue)	to	
averaged	 tastant	 responses	 (black).	 Blue	 light	 responses	were	 not	 different	 from	 tastant	
responses	 over	 presentation	 blocks	 (2-way	 ANOVA,	 interaction	 p=0.9671).	 (I)	 CT	 nerve	





















































and	without	 light	 (right).	 (B)	 (Left)	 Total	 licks	 in	 the	 first	minute	 of	 the	 experiments	 in	
panel	A.	 For	Pkd2l1-Cre,	 ChR2	mice	 (black),	 total	 licks	did	not	differ	 between	 the	water-	
light-	condition	and	the	water-	 light+	condition	(unpaired	t-test,	p=0.2712).	Lick	 totals	 in	
both	 of	 these	 conditions	 were	 significantly	 different	 from	 the	 lick	 count	 for	 the	 water+	
light-	 condition	 (unpaired	 t-tests,	 p<0.0001	 for	 each).	 (Right)	 Cumulative	 lick	 total	 over	







































































































































































































































































Figure	 5.1	 Optogenetic	 activation	 of	 PKD2L1+	 cells	 modulates	 Type	 II	 cell-mediated	
chorda	 tympani	 responses.	 (A)	 Protocol	 #1:	 tastants	 and	 470nm	 light	 were	 presented	
concurrently	(experimental),	and	compared	to	the	sum	of	 the	tastant	and	 light	responses	

























































Figure	 5.2	 Optogenetically	 stimulated	 Type	 III	 cell	 modulation	 of	 chorda	 tympani	 taste	
responses	 is	 partially	 dependent	 on	 5-HT	 signaling	 to	 5-HT1A	 receptors.	 (A)	 blue	 light	
modulation	 of	 chorda	 tympani	 responses	 to	 500mM	 sucrose	 (relative	 to	 baseline)	 was	
seemingly	increased	with	the	addition	of	paroxetine,	and	reduced	with	NAN-190	injection	
(middle).	 All	 sucrose	 nerve	 data,	 right.	 Blue	 light	 modulation	 of	 chorda	 tympani	 nerve	
responses	 to	 10mM	 quinine	 (B)	 and	 100mM	NaCl	 (C)	 also	 seemed	more	 dramatic	 with	
paroxetine	 injection	and	less	so	with	NAN-190	injections.	Blue	 light	modulation	of	10mM	
citric	acid	(D)	responses	also	followed	this	trend,	though	the	percent	decrease	for	the	three	






























Figure	 5.3	 Pkd2l1-Cre,	 ChR2	 mice	 show	 no	 aversion	 or	 preference	 for	 blue	 light	 when	
combined	 with	 either	 sucrose	 or	 quinine	 solutions	 in	 two	 bottle	 preference	 tests.	 (A)	
Pkd2l1-Cre,	 ChR2	 mice	 show	 no	 differential	 behavior	 from	 littermate	 controls	 when	
presented	 with	 blue	 or	 amber	 light	 in	 combination	 with	 100mM	 sucrose.	 (B)	 Neither	












































































































































































































































Figure	 6.1	 Cell-cell	 communication	 loop	model	 between	Type	 II	 and	Type	 III	 taste	 cells.	
The	work	presented	in	Chapter	V	addressed	the	possibility	of	Type	III	cell	(red)	modulation	
of	 Type	 II	 cell	 (green)	 communication	 to	 afferent	 nerve	 fibers	 via	 5-HT	 signaling.	
Optogenetic	activation	of	Type	III	cells	reduces	chorda	tympani	nerve	responses	to	Type	II	
cell-mediated	 tastants.	 This	modulation	 is	mediated	 in	 part	 by	 5-HT	 signaling	 to	 5-HT1A	
receptors	 (highlighted	 regions).	 Whether	 GABA	 signaling	 is	 important	 for	 this	 effect	
remains	unknown.		
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interspersed	between	Type	II	and	Type	III	cells	(Murray	et	al.	1969;	Pumplin	et	al.	1997),	it	
is	possible	that	Type	I	cells	are	playing	a	vital	role	in	peripheral	taste	signal	modification	
that	is	as	of	yet	unknown.	Regardless,	the	data	presented	in	Chapter	V	demonstrate	that	
taste	information	is	not	wholly	transmitted	via	discreet,	labeled	lines	originating	in	taste	
receptor	cells.	The	taste	bud	does	not	just	operate	as	a	relay	station	for	taste	information—
it	is	instead	a	computational	unit	both	transducing	and	processing	taste	signals	in	the	
periphery.		
	
6.2	Future	Directions	of	Study	
The	work	described	in	the	present	dissertation	has	established	a	framework	and	
methodology	that	can	be	used	to	answer	a	variety	of	remaining	questions	on	the	topic	of	
Type	III	cell	and	taste	bud	function.	In	the	following	section,	I	present	several	potential	
directions	of	study	utilizing	the	Pkd2l1-Cre,	ChR2	mouse.		
	
6.2.1	Conditioned	Taste	Aversion:	what	does	blue	light	taste	like?	
The	data	presented	in	Chapter	IV	demonstrated	that	Pkd2l1-Cre,	ChR2	mice	subtly	
avoid	optogenetic	stimulation	of	PKD2L1+	Type	III	cells	in	the	anterior	tongue.	These	
results	do	not,	however,	identify	the	perceptual	quality	of	the	stimulus.	PKD2L1+	Type	III	
cells	are	implicated	primarily	in	the	transduction	of	aversive	stimuli	like	high	salt	and	sour	
(Huang	et	al.	2006;	Oka	et	al.	2013),	as	well	as	carbonation	(Chandrashekar	et	al.	2009)	and	
water	(Zocchi	et	al.	2017).	When	stimulating	PKD2L1+	cells	optogenetically,	which	of	these	
perceptual	experiences	are	we	eliciting?	Conditioned	Taste	Aversion	may	offer	an	avenue	
to	answer	this	question.	By	pairing	blue	light	stimulation	with	an	unpleasant	stimulus,	i.e.	a	
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lithium	chloride	injection	that	will	cause	nausea,	we	could	impart	a	more	negative	valence	
to	blue	light.	Any	stimulus	that	is	reminiscent	of	(tastes	similar	to)	blue	light	would	evoke	
greater	aversion	than	prior	to	stimulus	pairing.	By	this	method,	we	could	determine	which	
tastant	solutions	most	closely	mimic	the	perceptual	experience	of	optogenetic	activation	of	
PKD2L1+	Type	III	cells.	Are	Type	III	cells	in	the	anterior	tongue	salt	detectors,	sour	
detectors,	or	both?		
	
6.2.2	Nerve	recording:	does	GABA	mediate	Type	III	modulation	of	Type	II	cell-mediated	taste	
signaling?	
Data	presented	in	Chapter	V	indicate	the	involvement	of	5-HT	signaling	to	5-HT1A	
receptors	in	the	modulation	of	Type	II	cell-mediated	nerve	responses	by	optogenetic	
stimulation	of	PKD2L1+	Type	III	cells.	Any	possible	contributions	that	GABA	signaling	has	
in	this	process	remain	unknown.	Using	the	same	methods	with	GABAA	and	GABAB	receptor	
antagonists	in	the	place	of	NAN-190,	we	would	be	able	to	identify	the	portion	of	Type	III	
cell	modulation	of	Type	II	taste	signaling	that	is	mediated	by	GABA	signaling.	Type	III	cells	
are	not	the	only	taste	cells	to	synthesize	GABA,	however.	Type	I	cells	express	GAD65,	
another	GABA	synthesizing	enzyme	(Dvoryanchikov	et	al.	2011).	No	mechanism	has	yet	
been	elucidated	to	demonstrate	GABA	release	from	glial-like	Type	I	cells,	but	it	may	be	
important	for	taste	bud	function.	Nor	has	GABA	been	shown	to	be	important	for	direct	
signaling	to	afferent	nerve	fibers.	Much	remains	to	be	elucidated	on	the	topic	of	GABA	
signaling	within	the	taste	bud;	optogenetic	tools	like	the	presented	mouse	model	may	help	
to	address	some	of	these	remaining	questions.		
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6.2.3	Geniculate	ganglion	calcium	imaging:	does	optogenetic	stimulation	of	Type	III	taste	cells	
modulate	individual	sweet,	bitter,	and	umami-best	taste	neurons?	
While	taste	nerve	recording	experiments	demonstrate	the	modulation	of	Type	II	cell-
mediated	taste	signals	by	Type	III	cell	activity,	the	overall	understanding	of	this	
phenomenon	would	be	greatly	improved	by	experiments	with	single-sensory	neuron	
resolution.	Previous	studies	of	taste	neuron	tuning	breadth	have	employed	in	vivo	calcium	
imaging	techniques	to	great	effect	(Barretto	et	al.	2015;	Wu	et	al.	2015).	The	same	
technique	could	be	employed	to	examine	the	nature	of	Type	III	modulation	of	Type	II	cell-
mediated	taste	information	by	comparing	single	neuron	activity	in	response	to	tastants	
with	and	without	optogenetic	activation	of	Type	III	cells.	Are	bitter,	sweet,	and	umami	
signals	all	modulated	by	optogenetically-induced	Type	III	cell	activity?	If	so,	are	they	
modulated	to	different	degrees?	How	does	the	modulation	alter	individual	neuronal	firing	
patterns?	How	does	neuronal	activity	patterning	change	with	optogenetic	activation	of	
Type	III	cells?	Understanding	single-neuron	results	of	Type	III	cell	modulation	of	Type	II	
cell-mediated	taste	signals	could	provide	important	insight	into	what	role	this	modulation	
plays	in	overall	taste	processing.		
	
6.2.4	Which	subsets	of	Type	III	cells	in	the	anterior	tongue	are	involved	in	intra-bud	signaling	
to	Type	II	cells?	
Data	in	the	present	dissertation	suggest	that	Type	III	cells	in	the	anterior	tongue	are	
more	diverse	than	those	of	the	posterior	tongue.	How	the	myriad	of	processes	involving	
Type	III	cells	is	distributed	across	this	diversity	remains	a	mystery.	Do	all	anterior	tongue	
Type	III	cells	transduce	sour	signals?	Which	subset	of	Type	III	transduce	high	salt	signals	
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(Lewandowski	et	al.	2016)?	Chapter	V	of	this	thesis	provides	evidence	that	Type	III	cells	
can	modulate	Type	II	cell	signaling	to	the	nerve.	Are	the	cells	that	participate	in	this	
communication	loop	separate	from	salt	or	sour	sensitive	cells?	Presumably,	as	PKD2L1	is	
known	to	mark	sour	sensitive	cells	(Huang	et	al.	2006),	and	is	the	targeted	population	of	
my	own	thesis	work,	these	populations	overlap.	But	my	early	immunohistochemical	data	
identified	GAD67+	cells	that	were	not	PKD2L1	or	SNAP25	immunoreactive.	Perhaps	this	
population	is	exclusively	involved	in	cell-cell	signaling,	if,	for	example,	GABA	plays	a	role	in	
the	intra-bud	signaling	circuit.	The	functional	diversity	of	anterior	field	Type	III	cells	
remains	largely	unexplored,	and	continued	research	in	this	direction	may	help	to	elucidate	
the	complex,	computational	nature	of	fine	taste	discrimination.		
	
6.3	Concluding	Remarks	
Of	the	three	basic	categories	of	taste	cells	in	the	mammalian	taste	bud,	Type	III	cells	are	
less	well-understood	than	neighboring	Type	II	cells.	Prior	to	the	work	described	in	the	
present	dissertation,	Type	III	cells	in	the	anterior	tongue	were	assumed	to	be	of	the	same	
molecular	profiles	as	those	of	the	posterior	tongue.	My	findings	demonstrate	that	
molecular	expression	profiles	of	Type	III	cells	are	more	heterogeneous	in	anterior	tongue	
than	in	posterior	tongue.	Much	of	the	work	described	in	this	thesis	focused	on	developing	
and	characterizing	a	novel	mouse	model,	which	harnessed	optogenetic	tools	to	allow	for	
the	specific	activation	by	light	rather	than	by	acid.	This	mouse	model	has	thus	far	allowed	
me	to	address	questions	related	to	the	hedonic	content	of	Type	III	taste	information	coming	
from	the	taste	bud,	as	well	as	the	involvement	of	Type	III	cells	in	a	cell-cell	communication	
loop	with	neighboring	Type	II	cells.	These	data	add	to	the	general	body	of	knowledge	
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relating	to	Type	III	cell	and	overall	taste	bud	function,	and	validate	an	important	new	tool	
that	will	allow	future	research	projects	to	push	our	understanding	of	the	gustatory	system	
further	yet.		
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